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Involvement of decreased hypoxia-inducible factor 1 activity 
and resultant G^S cell cycle transition in radioresistance 
of perinecrotic tumor cells 

Y Zhu 1 ' 2 ' 3 , T Zhao 1 ' 2 ' 4 , S Itasaka 2 , L Zeng 1 ' 2 ' 4 , CJ Yeom 1 , K Hirota 5 , K Suzuki 6 , A Morinibu 1 , K Shinomiya 1 , G Ou 2 , M Yoshimura 2 , 
M Hiraoka 2 and H Harada 1 

Cancer patients often suffer from local tumor recurrence after radiation therapy. Some intracellular and extracellular factors, such as 
activity of hypoxia-inducible factor 1 (HIF-1), cell cycle status and oxygen availability, have been suggested to affect DNA damage 
responses and eventual radioresistant characteristics of cancer cells. But when, where, and how these factors affect one another 
and induce cellular radioresistance is largely unknown. Here, we analyzed mechanistic and spatio-temporal relationships among 
them in highly heterogeneous tumor microenvironments. Experiments in vitro demonstrated that a decrease in the glucose 
concentration reduced the transcriptional activity of HIF-1 and expression of a downstream gene for the cell cycle regulator 
p27 Kipl even under hypoxic conditions. Then, the proportion of cells in the radioresistant S phase increased, whereas that in the 
radiosensitive phase decreased, significantly. Immunohistochemical analyses showed that cancer cells in perinecrotic hypoxic 
regions, which should be under low-glucose conditions, expressed little HIF-1 a, and therefore, were mainly in S phase and less 
damaged by radiation treatment. Continuous administration of glucagon, which increases the blood glucose concentration and 
so improves glucose availability in perinecrotic hypoxic regions, induced HIF-1 a expression and increased radiation-induced 
DNA damage. Taken all together, these results indicate that cancer cells in perinecrotic regions, which would be under low-glucose 
and hypoxic conditions, obtain radioresistance by decreasing the level of both HIF-1 activity and p27 Kipl expression, and adjusting 
their cell cycle to the radioresistant S phase. 
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INTRODUCTION 

Cancer patients often suffer from local tumor recurrence and 
distant tumor metastases after radiation therapy. It has been 
widely accepted that these problems are caused by the existence 
of radioresistant cancer cells in malignant solid tumors. Accumu- 
lated evidence has suggested that radioresistance is influenced by 
various intrinsic/intracellular and extrinsic/extracellular factors. 
One of the most influential extrinsic factors is hypoxia, an oxygen 
concentration below the physiological level. 1-4 Oxygen depletion 
is known to primarily disturb the production of reactive and 
cytotoxic species by ionizing radiation. Moreover, DNA radicals, 
which are barely produced under hypoxia through the ionization 
of DNA, can be chemically reduced by sulfhydryl group-containing 
materials, resulting in the prevention of DNA damage production. 
On the other hand, under oxygen-available conditions, molecular 
oxygen oxidizes the DNA radicals, leading to the formation of non- 
restorable DNA damage. These mechanisms are known as the 
chemical oxygen effect. 2,5 In addition, hypoxia is known to 
increase radioresistance of malignant solid tumors at a tissue level 
through some biological mechanisms as well. One of them is 
mediated by a transcription factor, hypoxia-inducible factor 1 (HIF-1). 



HIF-1 is reported to promote survival of endothelial cells after 
radiation therapy by inducing the expression of its downstream 
gene, vascular endothelial cell growth factor, and thus promote 
the overall radioresistance of tumors. 6-8 Actually, basic and clinical 
research have confirmed that increases of intratumoral hypoxia 
and HIF-1 activity correlate with a poor prognosis and incidences 
of both tumor recurrence and distant tumor metastasis after 
radiation therapy. 9-12 

HIF-1 is a heterodimeric transcription factor composed of an 
oc-subunit (HIF-1 a) and a (3-subunit (HIF-1 P). Its activity is mainly 
dependent on the stability of the former. 13 The oxygen- 
dependent degradation domain of HIF-1 a is hydroxylated by 
prolyl hydroxylases in an oxygen-dependent manner. The 
modification triggers the ubiquitination of the subunit by pVHL- 
containing E3 ubiquitin ligase and subsequent proteolysis by 
the 26S proteasome complex. 14,15 Conversely, HIF-1 a becomes 
relatively stable under hypoxic conditions, because the depletion 
of oxygen directly inactivates prolyl hydroxylases. 13 Then, HIF-1oc 
interacts with HIF-1 (3 to form an active heterodimer, HIF-1. HIF-1 
binds to its cognate enhancer sequence, the hypoxia-responsive 
element (HRE), and induces the expression of various genes 
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related to the adaptation of cellular metabolism to hypoxia 
(the switch from oxidative to anoxic respiration), 16 escaping 
from hypoxia (invasion and metastasis of cancer cells), 1 7,1 8 
improvements in hypoxia (angiogenesis) 19,20 and the resistance 
of malignant tumors to chemo as well as radiation therapy. 

In terms of tumor biology, it is easy to understand how hypoxic 
regions can develop in malignant solid tumors. Cancer cells 
survive only in regions close to tumor blood vessels because of 
the limited distance that molecular oxygen and nutrients can 
diffuse. Consequently, most malignant tumors grow individually 
as a conglomerate of so-called tumor cords, in each of which a 
blood vessel is surrounded by, in order, well-oxygenated 
(normoxic), oxygen-insufficient (chronic/diffusion-limited hypoxic) 
and oxygen-depleted (necrotic) cancer cells. 3,21 Detailed 
immunohistochemical analyses with both an anti-HIF-1a 
antibody and a hypoxia marker, pimonidazole, recently revealed 
that chronic hypoxia is mainly composed of two layers; 
HIF-1 oc-positive/pimonidazole-negative (herein, HIF-1 -positive) 
and pimonidazole-positive/HIF-1oc-negative (pimonidazole- 
positive). The former occurs closer to tumor blood vessels where 
partial oxygen pressure is relatively high. The existence of these 
layers has been widely confirmed in various human tumors and 
tumor xenografts 22-24 The mechanism behind the generation of 
the two layers remains to be elucidated; however, it is likely to 
depend on the difference in Km values for the stabilization of the 
HIF-1 a protein and for the formation of the pimonidazole adduct. 
In addition, decreased glucose availability in the pimonidazole- 
positive layer because of the limited distance glucose can diffuse 
from blood vessels is also suggested to reduce HIF-1 a levels there. 

It is known that cell cycle progression is inhibited at the G^ 
phase under hypoxic conditions in many, but not all, types of 
cells. 25 However, because this phase is considered relatively 
radiosensitive (Supplementary Figure S1), 26 hypoxia-mediated G^ 
arrest sounds somewhat inconsistent with the notion of increased 
radioresistance under hypoxic conditions. 9-11 Therefore, it 
becomes increasingly important to analyze the spatio-temporal 
relationship among cell cycle status, cellular radioresistance and 
hypoxic regions in highly heterogeneous tumor micro- 
environments. Also, the function of HIF-1 in these relationships 
is interesting. 

Here, we demonstrate that, in addition to the radiation chemical 
mechanism mediated by oxygen depletion, a biological mechan- 
ism mediated by the decrease in HIF-1 activity, at least in part, 
contributes to the radioresistance of pimonidazole-positive tumor 
cells. Namely, we found that the reduced expression of HIF-1 a, 
which is caused by low-glucose availability under hypoxic 
conditions, leads to a decrease in the expression of a cell cycle 
regulator, p27 Kip1 , and transition from the radiosensitive G^ to 
radioresistant S phase. 

RESULTS 

Relationship between cell cycle status and tumor 
microenvironments 

It has been found through experiments in vitro that oxygen 
availability and cell cycle status each influences the radio- 
sensitivity of cancer cells 2,26,27 An ~ 1.3-2.0 times higher 
dose of radiation is needed to kill late S-phase cells to the same 
extent as G r pnase cells (Supplementary Figure S1) 26,27 
Meanwhile, the ratio of radiation dose necessary to produce the 
same level of cell killing effect under hypoxic conditions to that 
under normoxic conditions is ~ 3.0-3.5 (dependent on the dose of 
radiation). 2,28 However, how and where these two factors 
influence each other in highly heterogeneous malignant tumors 
and produce radioresistant cancer cells remain largely unknown. 
Here, we first performed immunohistochemical analyses with 
intrinsic and extrinsic markers of hypoxia, HIF-1 a and 
pimonidazole, respectively, and with an S-phase marker, Cyclin A 
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(Figure 1; Supplementary Figure S2, S3). Hypoxic regions were 
detected with both markers in areas far from perfusion-positive 
tumor blood vessels (Figure 1a; Supplementary Figure S3A). HIF- 
1 oc-positive areas were slightly but definitely closer to blood 
vessels than pimonidazole-positive areas, consistent with previous 
reports. 23,24 Cancer cells with high levels of Cyclin A were detected 
predominantly in pimonidazole-positive regions in addition to in 
normoxic regions, but not in HIF-1 oc-positive regions (Figures 1b 
and c; Supplementary Figure S3B and C). Immunostaining with a 
proliferation marker, BrdU, confirmed that, although normoxic 
tumor cells are proliferative, pimonidazole-positive cells are not 
(Supplementary Figure S4). These results indicate that hypoxic 
but not HIF-1 oc-positive conditions increase the number of 
non-proliferative S-phase cells in pimonidazole-positive perine- 
crotic regions. 



Gt-S transition under hypoxic and low-glucose conditions 
To explore the mechanism behind the increase in S-phase cells in 
pimonidazole-positive/HIF-1 -negative hypoxic regions (herein, 
pimonidazole-positive regions), we examined the influence that 
the extent of oxygen depletion has on cell cycle status. As HIF-1 is 
reported to function in cell cycle regulation under hypoxic 
conditions 25 and because p27 Kip1 is an important factor arrest- 
ing the cell cycle at the G^ checkpoint, 29 we examined their 
involvement as well. To monitor the transcriptional activity of HIF- 
1, we used Hel_a/5HRE-I_uc cells, which express the luciferase 
protein under the control of a HIF-1 -dependent 5HRE promoter. 30 
The HIF-1 a expression, HIF-1 activity, and p27 Kip1 expression 
increased as the oxygen concentration decreased (Figure 2a). The 
increase in p27 Kip1 accompanied G^ arrest under hypoxic 
conditions, but no transition from Gt to S (Figures 2b and c; 
Supplementary Figure S5). 

We next examined the influence of a decreased glucose 
concentration on cell cycle status under hypoxia in vitro, because 
cancer cells would be exposed to low-glucose as well as hypoxic 
conditions in regions far from tumor blood vessels such as the 
pimonidazole-positive layer. 31,32 A decrease in the glucose 
concentration led to the suppression of HIF-1 a expression, HIF-1 
activity and p27 Kip1 expression even under hypoxic conditions 
(Figures 3a-c: lanes 5 and 6), and then, resulted in a decrease and 
increase in the proportion of G r and S-phase cells, respectively 
(Figures 3d-g). Knockdown of HIF-1 a expression resulted in 
a significant reduction in the level of p27 Kip1 as well as one of 
the most representative downstream genes of HIF-1, carbonic 
anhydrase IX (GA9), indicating the dependency of p27 Kip1 
expression on HIF-1 (Supplementary Figure S6). 

To directly examine the importance of the decreased HIF-1 
activity in the G^-S transition, we utilized pcDNA3/HIF-1oc-CA. The 
plasmid expresses a constitutively active HIF-1 a (HIF-1 a-CA), a 
mutant lacking the oxygen-dependent degradation domain 
because of the deletion of residues 330-575. The forced 
expression of HIF-1 a-CA almost completely abrogated the 
suppression of HIF-1 activity and p27 Kip1 expression caused by 
the decrease in the glucose concentration under hypoxic 
conditions (Figures 3a-c: lane 8). The abrogation resulted in a 
recovery of the proportion of G^ -phase cells (Figures 3d-g). 

To examine the involvement of decreased p27 Kip1 levels in the 
Gt-S transition under low-glucose and hypoxic conditions, we 
next employed a plasmid expressing a fusion protein, p27 Kip1 -myc 
epitope tag, under the transcriptional control of the CMV 
promoter. Overexpression of p27 Kip1 also canceled the G^-S 
transition and increased the proportion of Grpnase cells under 
low-glucose and hypoxic conditions (Figure 4a-e, lane 8). 

We next tested whether insufficient glucose availability is 
actually responsible for the decreased expression of HIF-1 a in 
pimonidazole-stained cells of tumor xenografts. In order to 
increase the concentration of glucose in the pimonidazole- 
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Cyclin A Pimonidazole Perfusion 



Figure 1. Cell cycle status in pimonidazole-positive/HIF-1 -negative and HIF-1-positive/pimonidazole-negative hypoxic regions of tumor 
xenografts. Frozen sections of HeLa tumor xenografts were stained with the indicated combination of antibodies against a hypoxia marker, 
pimonidazole (green in a, c), HIF-1 a (red in a and green in b) and cyclin A (red in b and c). Representative pictures are shown. Blue = perfusion 
marker, hoechst 33342. Bar = 50 jam. Dotted lines are inside edges of the pimonidazole-positive/HIF-1 -negative regions (a, c) and outside 
edges of the HIF-1 -positive/pimonidazole-negative regions (b) in each tumor cord. 



positive regions, we applied an osmotic pump to tumor-bearing 
mice and continuously administered glucagon, a hormone raising 
blood glucose levels (Figure 5). 33,34 And then we analyzed the HIF- 
1a level in pimonidazole-positive cells. Consistent with the above 
data (Figure 1a), HIF-1 a-positive regions were located closer to 
tumor blood vessels than pimonidazole-positive regions in the 
xenograft tumors without glucagon treatment (Figure 5, upper). 
On the other hand, glucagon treatment dramatically induced the 
expression of HIF-1 a in pimonidazole-positive cells (Figure 5, 
lower). The in vivo data indicate that glucose could diffuse only to 
closer hypoxic regions and is responsible for the HIF-1 a expression 
there. On the other hand, the in vivo data combined with results of 
a series of in vitro experiments indicate that a decreased glucose 
concentration in regions relatively distant from tumor blood 
vessels leads to G^-S transition through the suppression of HIF-1 a 
expression, HIF-1 activity and p27 Kipl expression. 



Decrease in radiation-induced DNA damage under hypoxic and 
low-glucose conditions 

Cell cycle status is known to influence the radiosensitivity/ 
radioresistance of cells. Namely, cells are radioresistant in S 
phase. 27 To test whether the G-\-S transition under low-glucose 
and hypoxic conditions leads to cellular radioresistance, we 
employed p53-binding protein 1 (53BP1) 35-37 and yH2AX, a 
member of the histone H2A family phosphorylated at serine 
139 38-40 as markers 0 f DNA damage. 

The 53BP1 protein is known to re-localize to form foci that are 
recognized as sites of DNA lesions. 35-37 The minimum domain of 
53BP1 essential for accumulating at damaged sites was identified 
as residues 1220-1703 and called the 53BP1-M domain. 41 We 
constructed a plasmid expressing the fusion protein EGFP-53BP1- 
M under the control of a constitutively active CMV promoter. We 
established a stable cell line with the plasmid and irradiated the 
cells to examine the influence of glucose and/or oxygen 
availability on the DNA damage (Figure 6). The number of 
53BP1-M foci significantly decreased under hypoxic conditions 



compared with normoxic conditions, consistent with the oxygen 
effect (Figure 6a). The number of radiation-induced foci further 
diminished as a result of a decreasing glucose concentration 
under hypoxic conditions. 

We next employed yH2AX as a marker of DNA lesions 38-40 and 
performed a quantitative experiment using two cell lines (A549 
and HEK293) after radiation treatment in vitro (Figures 6b and c). 
Radiation induced the same amount of phosphorylation of H2AX 
(yH2AX) regardless of the glucose concentration under normoxic 
conditions (Figures 6b and c: lanes 2 and 4). The signal intensity of 
yH2AX markedlly decreased under hypoxic as compared with 
normoxic conditions (Figures 6b and c: lane 6). The decrease in the 
glucose concentration further reduced the yH2AX level under 
hypoxic conditions (Figures 6b and c: lane 8). 

To directly examine the involvement of the decreased p27 Kipl 
expression in the reduction of radiation-induced DNA damage 
under low-glucose and hypoxic conditions, we performed the 
53BP1 focus assay again with or without the overexpression of 
p27 Kip1 (Figure 6d). The transient overexpression of p27 Kipl almost 
completely restored the number of 53BP1 foci to that under high- 
glucose and hypoxic conditions (See Figure 6d: lanes 6 and 8), 
meaning that the reduction in DNA damage caused by the 
reduced glucose concentration was fully mediated through the 
decrease of p27 Kipl . 

To examine whether the G^-S transition and resultant decrease 
in DNA damage actually lead to radioresistance of cancer cells, we 
next performed a clonogenic survival assay in vitro. HeLa cells 
were exposed to 0, 2, 4 or 8 Gy of X-ray irradiation in the presence 
of high or low concentrations of glucose under normoxic or 
hypoxic conditions (Figure 6e). The reduction of glucose 
availability significantly increased cellular radioresistance under 
hypoxic conditions. The dose of radiation needed to kill 50% of 
cells under the low-glucose and hypoxic conditions was 1 .70 times 
higher than that under the high-glucose and hypoxic conditions 
(6.3 Gy vs 3.7 Gy for the low and high concentration of glucose, 
respectively). All of these results indicate that cancer cells obtain 
radioresistant characteristics under low-glucose and hypoxic 
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Figure 2. Increase in the proportion of G^ cells under hypoxic 
conditions, (a-c) Hel_a/5HRE-I_uc cells were cultured under 
normoxic (20%) or hypoxic (3, 1 and 0.02%) conditions for 20 h. 

(a) Cell lysate was subjected to western blotting for HIF-1 a, p27 Kip1 
and p-actin (upper) and a luciferase assay (lower). Results are the 
mean±s.d. n = 3. *P<0.05. **P<0.01. (b, c) The cell suspensions 
were subjected to flow cytometry for cell cycle analyses. 

(b) Representative data for each treatment group are shown. 

(c) Proportions of cells in the G^ phase were quantified based on the 
data in Figure 2b. Results are the mean±s.d. n = 3. **P<0.01. 

conditions through G^-S transition mediated by a decrease in 
p27 Kip1 expression. 

Decrease in radiation-induced DNA damage in pimonidazole- 
positive regions of solid tumors 

We examined whether cells in pimonidazole-positive hypoxic 
regions are actually resistant to radiation in vivo. HeLa tumor 
xenografts were treated with 4Gy of X-radiation, and 30min later 
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surgically excised for immunohistochemical analysis with a 
combination of antibodies against pimonidazole and yH2AX 
(Figure 7; Supplementary Figure S7). The number of yH2AX foci 
was obviously decreased in pimonidazole-positive regions com- 
pared with regions close to tumor blood vessels (Figure 7). To 
directly examine the involvement of the low-glucose-mediated 
biological mechanism in the radioresistance of pimonidazole- 
positive cells, we treated tumor-bearing mice with glucagon and 
increased the levels of glucose and HIF-1 a in pimonidazole- 
positive regions (Figure 5). Then, we analyzed the extent of DNA 
damage caused by radiation treatment in pimonidazole-positive 
regions and pimonidazole-negative regions (regions excluding 
pimonidazole-positive regions and necrotic regions) (Figure 8). 
Compared with the radiation-induced increase of yH2AX-positive 
cells in pimonidazole-negative regions (27.3% = 45.2%-1 7.9%), 
that in pimonidazole-positive regions (12.1% = 23.4%-1 1.3%) was 
significantly less (Figure 8). The percent reduction of DNA damage 
in pimonidazole-positive regions was 55.7% ((27.3-12.1)/ 
27.3 x 100%). On the other hand, after the glucagon treatment, 
the radiation-induced increase of yH2AX-positive cells in pimoni- 
dazole-negative and pimonidazole-positive regions was 33.3% 
(53.0%-19.7%) and 18.0% (34.1 %-1 6.1%), respectively. The 
percent reduction of DNA damage in pimonidazole-positive 
regions was 45.9% ((33.3-1 8.0)/33.3 x 100%). On the basis of 
these analyses, at least 17.6% ((55.7-45.9)/55.7 x 100%) of the 
radioresistance of pimonidazole-positive cells would be depen- 
dent on the low-glucose-mediated biological mechanism. These 
results suggest that the low-glucose-mediated biological mechan- 
ism, in addition to the oxygen-mediated radiation chemical 
mechanism, certainly has an important role in the radioresistance 
of pimonidazole-positive cells. 

DISCUSSION 

In the present study, we analyzed how some extrinsic and intrinsic 
factors influence one another and cause radioresistant cancer cells 
in highly heterogeneous tumor microenvironments. We especially 
focused on the influence of the spatial relationship among 
oxygenVglucose availability, HIF-1 a expression, HIF-1 activity and 
cell cycle distribution on radioresistant characteristics of cancer 
cells. We then successfully unveiled a mechanism whereby 
transition from the radiosensitive G^ to radioresistant S phase of 
the cell cycle is mediated by the decreased expression of HIF-1 a 
and p27 ipl in perinecrotic/pimonidazole-positive regions of 
malignant solid tumors and has an important role in the biological 
radioresistance of cancer cells there. 

It is widely accepted that radiation biological as well as radiation 
chemical mechanisms have critical roles in the radioresistance of 
malignant tumors. Among various intrinsic and extrinsic factors, 
hypoxia and HIF-1 have received considerable attention in recent 
years, because they have been reported to correlate with a poor 
prognosis and the incidence of both local tumor recurrence and 
distant tumor metastasis after radiation therapy. 9-11 Against this 
background, hypoxia has been reported to induce cell cycle arrest 
at the relatively radiosensitive G^ phase (Supplementary Figure 
S1). 25 " 27 This discrepancy can be resolved here by considering the 
involvement of decreased HIF-1 activity in perinecrotic regions. 
Our data suggest that most cancer cells in pimonidazole-positive 
regions are HIF-1 a-negative in HeLa tumor xenografts. The 
downregulation of HIF-1 activity leads to a transition from G^ to 
S as a result of the suppression of p27 Kipl expression. The G^-S 
transition induces resistance to radiation-induced DNA damage, 
resulting in enhanced survival after treatment. This model seems 
reasonable, but several issues remain to be addressed. First, it is 
not completely clear how HIF-1 a expression is suppressed 
under low-glucose and hypoxic conditions. Second, it is also 
unknown how the cell cycle was arrested at the S phase after 
the Gt-S transition under low- glucose and hypoxic conditions. 
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Figure 3. Involvement of decreased HIF-1 activity in the transition from the G n to S phase under low-glucose and hypoxic conditions. HeLa/ 
5HRE-Luc cells were transiently transfected with pcDNA3.1 /myc-HIS (empty vector: EV) or pcDNA3/HIF-1 a-CA and cultured for 24 h. They were 
then cultured in fresh medium containing a low (L: 0.45 g/l) or high (H: 4.5 g/l) concentration of glucose under normoxic (20% oxygen) or 
hypoxic (0.02% oxygen) conditions for 20 h. (a) Cell lysate was subjected to western blotting for HIF-1 a, HIF-1 a-CA, p27 Kip1 and p-actin. 
(b) The intensity of the bands was quantified using ImageJ. Results are the mean±s.d. n = 3. **P<0.01. (c), Cell lysate was subjected to a 
luciferase assay. Results are the mean ±s.d. n = 3. **P<0.01. (d-g) Cell suspensions were subjected to flow cytometry for cell cycle analyses, 
(d) Representative data for each treatment group are shown, (e-g) Proportions of cells in the sub G 17 G l7 S and G 2 /M phases (e) phase only 
(f) and S-phase only (g) were quantified based on the data in Figure 3d. Results are the mean±s.d. n = 3. **P<0.01. 



Third, although S-phase cells are known as relatively 
radioresistant, the molecular mechanism behind their resistance 
remains largely unknown. Finally, some aspects of this model 
remain to be proven. Assessing these issues has the potential to 
lead to the development of novel treatment strategies to 
overcome tumor radioresistance. 



Here, we revealed the importance of sequential decreases of 
HIF-1 a and p27 Kipl levels in the d-S cell cycle transition and 
resultant radioresistance of pimonidazole-positive cells by 
thoroughly performing experiments. Dependence of p27 Kipl 
expression on HIF-1 was directly confirmed by both knockdown 
of HIF-1 a (Supplementary Figure S6) and overexpression of 
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Figure 4. Involvement of decreased p27 Kip1 expression in the transition from the G^ to S phase under low-glucose and hypoxic conditions. 
HeLa/5HRE-Luc cells were transiently transfected with pcDNA4/myc-HIS (empty vector: EV) or pcDNA4/p27 p1 and cultured for 24 h. They 
were then cultured in fresh medium containing a low (L: 0.45 g/l) or high (H: 4.5 g/l) concentration of glucose under normoxic (20% oxygen) or 
hypoxic (0.02% oxygen) conditions for 20 h. (a) Cell lysate was subjected to western blotting for p27 Kip1 and p-actin. (b-e) Cell suspensions 
were then subjected to flow cytometry for cell cycle analyses, (b) Representative data for each treatment group are shown, (c-e) Proportions 
of cells in the sub G 1# G 1# S and G 2 /M phases (c), phase only (d) and S-phase only (e) were quantified based on the data in b. Results are the 
mean±s.d. n = 3. **P<0.01. 



HIF-1oc-CA (Figure 3). Likewise, involvement of decreased p27 p 
levels in the G^-S cell cycle transition under low-glucose and 
hypoxic conditions was also directly confirmed by the result that 
the proportion of G r pnase cells was recovered by the forced 
expression of p27 Kip1 (Figure 4). However, this mechanism seems 
somewhat inconsistent with previous reports that p27 Kip1 
expression was induced under hypoxia in a HIF-1 -independent 
manner 42 and hypoxia-induced Gt arrest is independent of 
p27 Kip1 . 43 Further studies are needed to fully elucidate the 
molecular mechanism behind the cell-cycle regulation of 
pimonidazole-positive cells. 

Pimonidazole-positive regions should be under severe hypoxia 
than HIF-1 -positive regions because of the distance from tumor 
blood vessels. 21,23 So, pimonidazole-positive cancer cells should 
be more radioresistant than HIF-1 -positive cells because of the 
so-called oxygen effect through the radiation chemical mechanism. 
In addition, the present study demonstrates that the decrease in 
HIF-1 activity actively induces the biological radioresistance of 



cancer cells through G^-S transition in pimonidazole-positive 
regions. If this is so, why has the expression of HIF-1 a been 
reported to correlate with a poor prognosis and the incidence of 
both local tumor recurrence and distant tumor metastasis after 
radiation therapy? 9-11 The answer may lie in the relationship 
between the volume of pimonidazole-positive cells and that of 
HIF-1 a-positive cells in malignant solid tumors. Namely, because 
pimonidazole-positive regions are generally accompanied by 
HIF-1 a-positive regions, the volume of HIF-1 a-positive regions 
may simply reflect that of pimonidazole-positive regions and 
eventually a poor prognosis and so on. 

An important question raised from the present study is the relative 
contribution of the radiation chemical mechanism and the low- 
glucose-mediated biological mechanism in the radioresistance of 
pimonidazole-positive cells in malignant tumors. Our experiments 
in vivo using glucagon revealed at least 17.6% of the radioresistance of 
pimonidazole-positive cells to be dependent on the low-glucose- 
mediated biological mechanism. The same tendency was confirmed 
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Figure 5. Increase of HIF-1 a expression in pimonidazole-positive regions after glucagon-mediated improvement of glucose availability. HeLa 
tumor-bearing mice were continuously administered with ( + ) or without (-) glucagon for 5 days via an osmotic pump (See Materials and 
methods section for details). Then, the tumor xenografts were surgically excised, frozen in OCT compound and subjected to 
immunohistochemical analysis with a hypoxia marker, pimonidazole (green) and anti-HIF-1oc antibody (red). The tumor-bearing mice were 
injected with the hypoxia marker and a perfusion marker, hoechst 33342, at 90 and 1 min before killing, respectively. Blue = perfusion marker, 
hoechst 33342. Bar = 100 jam. 



in an in vitro experiment as well (Figure 6). Based on the results, we 
confirmed the importance of the biological mechanism although its 
contribution to the radioresistance seems relatively low. 

Although the present study focused on the importance of 
decreased HIF-1oc-expression to the radioresistance of pimonida- 
zole-positive cells, one should not ignore the importance of HIF-1 
as a therapeutic target in radiation therapy. It has been reported 
that HIF-1 becomes active in response to radiation treatment in 
malignant solid tumors, functions to protect tumor blood vessels 
from cytotoxic effects of radiation by inducing the expression of 
vascular endothelial cell growth factor, assures the delivery of 
oxygen and nutrients to cancer cells, and eventually accelerates 
tumor growth after the treatment. 6,7,44 So, a blockade of the 
radiation-induced activation of HIF-1 enhances the therapeutic 
effect of radiation. Taken together, the parameters most important 
for effective radiation therapy are the volume of pimonidazole- 
positive hypoxia (absolute hypoxia) before radiation and the 
volume of HIF-1 a-positive regions and intratumoral HIF-1 activity 
after radiation. 

The present study provides a clue as to how to optimize 
regimens for combined treatment with radiation therapy and a 
HIF-1 inhibitor. Our findings suggest that when administered 
before radiation, a HIF-1 inhibitor would increase the radio- 
resistance of HIF-1 a-positive cancer cells by inducing a transition 
from the radiosensitive G n to radioresistant S phase. This notion is 
consistent with our previous report that inhibition of HIF-1 activity 
before radiation therapy suppressed rather than enhanced the 
therapeutic effect. 45 Therefore, one can achieve the best 
therapeutic effect by administering a HIF-1 inhibitor to suppress 
the radiation-induced activation of HIF-1 only. 

An important question arising from the present study is how to 
overcome the radioresistance of pimonidazole-positive cells which 
show low HIF-1 activity under low-glucose and hypoxic conditions. 
The administration of glucagon may be able to cancel the 
radioresistance by restoring HIF-1 a expression and HIF-1 activity 
and arresting the cell cycle at the radiosensitive G-\ phase. The 
treatment, however, may simultaneously stimulate the growth of 
cancer cells in both normoxic and HIF-1 a-positive hypoxic regions. 
An alternative seems to be a combination of radiation therapy and 
a hypoxia cytotoxin such as tirapazamine 46 whose cytotoxicity is 
fully dependent on absolute low oxygen tension. Moreover, based 
on the present study, the therapeutic effect of the triple 
combination of radiation therapy, a hypoxia cytotoxin (for the 
effective killing of pimonidazole-positive cells) and a HIF-1 
inhibitor (for the suppression of radiation-induced activation of 
HIF-1) should be also examined. 



MATERIALS AND METHODS 

Cell culture and reagents 

The human cervical epithelial adenocarcinoma cell line (HeLa), human lung 
carcinoma cell line (A549) and Human Embryonic Kidney 293 cell line 
(HEK293) were purchased from American Type Culture Collection 
(Manassas, VA, USA). Cells were cultured in 10% FBS-containing Dulbecco's 
modified Eagle's medium (DMEM) with a high (4.5 g/l) or low (0.45 g/l) 
concentration of glucose. HEK293 cells were cultured in type I collagen- 
coated culture dishes (AGC Techno Glass Co. Ltd., Chiba, Japan). Cells were 
incubated in a well-humidified incubator with 5% C0 2 and 95% air at 37 °C 
for normoxic cultures. Alternatively, cells were incubated in a Bactron 
Anaerobic Chamber, BACLITE-2 (Sheldon Manufacturing Inc., Cornelius, OR, 
USA), for the <0.02% 0 2 condition, in a multi-gas incubator (MCO-5M, 
Sanyo, Tokyo, Japan) for the 3% 0 2 condition, or in an lnvivo 2 500 Hypoxia 
workstation (Ruskinn Technology Limited, Bridgend, UK) for the 1% 0 2 
condition. The concentration of hydroxyurea for synchronization of the cell 
cycle in vitro was 1 mivi in PBS. Glucagon was dissolved with 3.44 m of 
cetrimid solution at a working concentration of 2 mg/ml for the in vivo 
study. 

Plasmid DNA 

The plasmid pEF/5HRE-Luc harboring a 5HREp-luc reporter gene, which 
expresses luciferase under the control of a HIF-1 -dependent 5HRE 
promoter, was constructed as described previously. 30 To construct the 
plasmid pEGFP-53BP1-M, the coding sequence of the M domain of the 
p53-binding protein 1 {53BP1) gene, which comprises residues 1220-1703 
and is responsible for the recruitment of 53BP1 to DNA double-stranded 
breaks, 41 was amplified by PCR and inserted between the Xho\-Hind\\\ sites 
of pEGFP-CI (Clontech, Palo Alto, CA, USA). To construct the plasmid 
pcDNA4/p27 Kip1 , the coding sequence of the p27 Kipl gene was amplified by 
PCR and inserted between the EcoR\-Xho\ sites of pcDNA4/myc-His A 
(Invitrogen Corp., Carlsbad, CA, USA). The plasmid pcDNA3-HIF-1a-CA, 
which expresses a constitutively active mutant form of HIF-1 a (HIF-1 a-CA) 
lacking the oxygen-dependent degradation domain because of the 
deletion of residues 330-575, was kindly provided by Dr GL Semenza. 

Isolation of stable transfectants 

The HeLa/5HRE-Luc cell line was established as described previously. 30 For 
the establishment of the 293/EGFP-53BP1-M cell line, HEK293 cells were 
stably transfected with pEGFP-53BP1-M by the calcium phosphate 
method, 47 and cultured for 14 days in medium containing 400|ig/ml of 
G418 (Nacalai Tesque, Kyoto, Japan). Antibiotic-resistant colonies showing 
radiation-dependent EGFP-53BP1-M were isolated and established as 
clones. A representative clone was used in this study. 

Transient transfection 

Cells were transiently transfected with pcDNA3.1/myc-His (as an empty 
vector (EV); Invitrogen Corp.) or pcDNA3-HIF-1a-CA (in Figure 3), or with 
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Figure 6. Radioresistance of cells under low-glucose and hypoxic conditions, (a-e) With (d) or without (a-c, e) transient transfection using an 
empty vector or pcDNA4/p27 Kip1 , HEK293/EGFP-53BP1-M (a, b, d, e) and A549 (c) cells were cultured in medium containing a low (L: 0.45 g/l) 
or high (H: 4.5 g/l) concentration of glucose under normoxic (20% oxygen) or hypoxic (0.02% oxygen) conditions for 20 h, and treated with the 
indicated dose of X-radiation. (a, d) The radiation-induced DNA double-stranded breaks (DNA DSBs) were then observed as EGFP-53BP1-M 
foci under a fluorescence microscope. The numbers of DNA DSB per nucleus in each group were quantified as the mean of 50 nuclei in 10 
independent fields. Results are the mean±s.d. *P<0.05. (b, c) Cell lysate was subjected to western blotting for yH2AX, H2AX and p-actin. 
(e) The cells were subjected to a clonogenic cell survival assay. X axis = dose of X-radiation. Y axis = surviving fraction, n = 3. Results are the 
mean ± s.d. Note: error bars are invisible in some groups because they are smaller than the size of icons. 



pcDNA4/myc-His (as an empty vector (EV); Invitrogen Corp.) or pcDNA4/ 
p27 KIP1 (in Figures 4 and 6d) using the Polyfection transfection reagent 
(Qiagen Inc., Valencia, CA, USA) according to the manufacturer's 
instructions. The cells were then cultured for 24 h and subjected to each 
in vitro experiment. 

Luciferase assay, western blotting and flow cytometric analyses 
Hel_a/5HRE-I_uc cells were seeded in 24-well plates for luciferase assays 
(1 x 10 5 cells/well) or in 6-well plates for both western blotting and flow 
cytometric analyses (2 x 10 5 /well). The cells were cultured in medium 
containing a high (4.5 g/l) or low (0.45 g/l) concentration of glucose for 20 h 
under various oxygen conditions as described in the figure legends. Cell 
lysate prepared with 100jil of Passive Lysis Buffer (Promega, Madison, Wl, 
USA) was subjected to an assay using Luciferase Assay Reagent (Promega) 
according to the manufacturer's instructions. Cell lysate prepared with 
CelLytic M cell lysis reagent (Sigma-Aldrich, St Louis, MO, USA) was 
subjected to western blotting for the detection of endogenous HIF-1a and 
exogenous HIF-la-CA with an anti-human HIF-1a mouse monoclonal 



antibody (BD Bioscience, San Diego, CA, USA), endogenous p-actin with an 
anti-human p-actin mouse monoclonal antibody (BioVision Research 
Products, Mountain View, CA, USA), endogenous p27 Kip1 with an anti- 
human p27 Kip1 rabbit monoclonal antibody (Abeam, Cambridge, UK), 
exogenous p27 Kip1 -myc-tag with an anti-myc-tag mouse monoclonal 
antibody (Cell Signaling Technology Inc., Beverly, MA, USA), endogenous 
H2 AX with an anti-human H2AX rabbit polyclonal antibody (Cell Signaling 
Technology Inc.) and endogenous yH2AX with an anti-human yH2AX 
rabbit antibody (#2577, Cell Signaling Technology Inc.) as described 
previously. 30,45,48,49 Before SDS-PAGE and western blotting, the protein 
concentration of each cell lysate was adjusted to 20 mg protein/20 [i\ by 
performing a protein assay using Quick Start Bradford Dye Reagent 
(BioRad Laboratories Inc., Hercules, CA, USA). Each protein was detected 
using an anti-mouse or anti-rabbit IgG horseradish peroxidase-linked 
whole antibody (GE Healthcare Bio-Science Corp, Piscataway, NJ, USA) and 
an ECL-PLUS system (GE Healthcare Bio-Science Corp) according to the 
manufacturer's instructions. Images of bands were acquired by using a 
digital photo scanner GT-X750 (Seiko Epson Corp, Nagano, Japan). For the 
cell cycle analysis using flow cytometry, cells were fixed with ice-cold 70% 
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Figure 7. Significant decrease in DNA damage in pimonidazole-positive hypoxic regions. HeLa tumor xenografts were locally treated with 
ionizing radiation at a dose of 0 or 4 Gy. The xenografts were surgically excised 30 min later, and frozen sections were stained with antibodies 
against pimonidazole (green) and yH2AX (red). Representative pictures are shown. Blue = perfusion marker, hoechst 33342. Bar= 100 jam. (b) 
Percentages of y-H2AX-positive cells in pimonidazole-positive regions and pimonidazole-negative regions (excluding necrotic regions) were 
quantified using the immunohistochemical data in (a) after 0 or 4 Gy of radiation, n = 1 0 independent tumor cords. Results are the mean ± s.d. 
**P<0.01. 



ethanol, re-suspended in PBS containing both RNase (1 mg/ml) and 
propidium iodide (1 mg/ml), incubated at 37 °C for 30 min, and subjected 
to flow cytometry (BD Bioscience, Franklin Lakes, NJ, USA) as described 
previously. 50 The results were analyzed with Cell Quest software (BD 
Bioscience). 



Clonogenic survival assay 

Cells (2 x 10 5 /35mm dish) were precultured in medium containing a high 
(4.5 g/l) or low (0.45 g/l) concentration of glucose under normoxic (20% 0 2 ) 
or hypoxic (0.02% 0 2 ) conditions for 20 h. The cells were treated with 0, 2, 4 
and 8Gy of X-radiation (Shimadzu, Kyoto, Japan) under the same 
conditions as for the preculture. The cells were immediately harvested, 
seeded in 60-mm culture dishes and further cultured for 2 weeks in 
the C0 2 incubator under normoxic conditions. Surviving colonies were 
fixed with 70% ethanol and stained with Giemsa solution. Colonies 
consisting of more than 50 cells were counted as surviving colonies. The 
plating efficiency and surviving fraction were calculated as described 
previously. 51 



Tumor-bearing mice, glucagon treatment and radiation treatment 
in vivo 

The suspension of HeLa cells (2x10 6 in PBS) was subcutaneously 
inoculated into the right hind leg of 7-week-old nude mice (BALB/c 
nu/nu mice; SHIMIZU Laboratory Supplies Co. Ltd, Kyoto, Japan). For the 
continuous glucagon treatment in vivo, an osmotic pump (Alzet Osmotic 
Pumps: model 1007D, Cupertino, CA, USA) loaded with 2 mg/ml glucagon 
solution (in 3.44 mivi cetrimid solution) was intraperitoneal^ applied to the 
tumor-bearing mice. For the radiation treatment in vivo, the tumor 
xenografts were irradiated with the indicated dose of 137 Cs y-rays using a 
Gammacell 40 Exactor (MDS Nordion International Inc., Ottawa, Ontario, 
Canada). 



Immunohistochemical analyses 

HeLa tumor xenografts were surgically excised 90 min after an intraper- 
itoneal injection of pimonidazole hydrochloride (Natural Pharmacia 
International Inc., Belmont, MA, USA; 60 mg/kg). Then, 30 min before the 
mice were killed, radiation was given, and 1 min before killing, 1 00 |il of the 
perfusion marker Hoechst 33342 trihydrochloride trihydrate solution 
(10 mg/ml; Invitrogen Corp.) was given. The tumor xenografts were 
embedded in OCT compound and frozen at -80°C. The frozen sections 
were fixed in acetone and then chloroform for 5 min each, and blocked 
with blocking solution (serum-free protein block solution (Dako, Glostrup, 
Denmark) containing 0.1% cold water fish skin gelatin (Sigma-Aldrich 
Corp.). The sections were treated with the indicated combination of the 
primary antibodies, such as anti-human HIF-1a rabbit polyclonal antibody 
(Novus Biologicals, Littleton, CO, USA), anti-pimonidazole mouse mono- 
clonal antibody conjugated with FITC (Natural Pharmacia International 
Inc.), anti-human yH2AX rabbit antibody (#2577, Cell Signaling Technology 
Inc.) and anti-human cyclin A rabbit polyclonal antibody (Abeam). HIF-1a 
was detected with Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen Corp.; in 
Figure la) or with Alexa Fluor 488 goat anti-rabbit IgG (Invitrogen Corp.; in 
Figure lb). Cyclin A (in Figure 1b and c) and yH2AX (in Figures 7 and 8) 
were detected with Alexa Fluor 594 goat anti-rabbit IgG (Invitrogen Corp.). 
The reproducibility of each staining was confirmed in at least three 
independent tumors and representative results are shown. 



Assay of 53BP1 foci 

The 293/EGFP-53BP1-M cells (2 x 10 5 /35mm collagen-coated dish) were 
precultured in medium containing a high (4.5 g/l) or low (0.45 g/l) 
concentration of glucose under normoxic (20% 0 2 ) or hypoxic (0.02% 
0 2 ) conditions for 20 h. The cells were treated with 0 or 4Gy of X-radiation 
(Shimadzu, Kyoto, Japan) under the same conditions as in the preculture. 
The EGFP-53BP1-M foci were observed under a fluorescence microscope 
(1X71, Olympus, Tokyo, Japan) and images were captured using a digital 
camera (DP72, Olympus) 30 min after the radiation. 



Oncogene (2013) 2058-2068 



© 2013 Macmillan Publishers Limited 



Radiation (Gy) 



c 
o 

U) 

o 

D 



yH2AX Pimonidazole Perfusion 



, i2 40% 
3 O 



1M 



Jl 



II II 



i g 1 

9-q: 



3>f» §5) fi- 
ll |2 



ff II 



Glucagon 
Radiation 



OGy 



4Gy 



OGy 



4Gy 



Figure 8. Glucagon-dependent increase of DNA damage in pimo- 
nidazole-positive regions. The HeLa tumor-bearing mice were 
continuously administered with ( + ) or without (-) glucagon for 
5 days via an osmotic pump (see Materials and methods section for 
details). Then, the xenografts were locally treated with ionizing 
radiation at a dose of 0 or 4Gy, and surgically excised 30min later. 
The frozen sections were stained with antibodies against pimoni- 
dazole (green) and yH2AX (red). The tumor-bearing mice were 
injected with the hypoxia marker and a perfusion marker, hoechst 
33342, at 90 and 1 min before killing, respectively. Representative 
pictures are shown. Blue = perfusion marker, hoechst 33342. 
Bar =100 jam. (b). Percentages of y-H2AX-positive cells in pimoni- 
dazole-positive regions and pimonidazole-negative regions 
(excluding necrotic regions) were quantified using the immuno- 
histochemical data in (a) after 0 or 4Gy of radiation. n = 10 
independent tumor cords. Results are the mean±s.d. **P<0.01. 
NS = not significant. 



Statistical Analysis 

The statistical significance of differences was determined using Student's 
f-test. A P value <0.05 was considered to be significant. 

Ethics of animal experiments 

All animal experiments were approved by the Animal Research Committee 
of Kyoto University. 
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